One sentence summary: Aspartate induced S. aureus to form a biofilm with less protein and DNA by decreasing the cellular metabolic activity. Editor: Kendra Rumbaugh
INTRODUCTION
Because biofilm formation renders Staphylococcus aureus highly resistant to conventional antibiotics and host defenses, biofilms cause significant problems during the treatment of S. aureusassociated infections (Costerton, Stewart and Greenberg 1999; Otto 2008) . The biofilm matrix of S. aureus is composed mainly of polysaccharides, proteins, nucleic acids and lipids (Flemming and Wingender 2010) , and recent advances have provided detailed insights into the basis and mechanisms of these elements in biofilm formation (Richards and Melander 2009; Periasamy, Joo, Duong, et al. 2012; Sadykov and Bayles 2012) . However, the mechanisms underlying biofilm dispersal and disassembly are less well understood (Van Acker, Van Dijck and Coenye 2014) . One well known clue is the finding that four d-amino acids (dLeu, d-Met, d-Trp and d-Tyr) produced at the late phase of biofilm development were involved in the disassembly of the existing biofilms formed by Bacillus subtilis and S. aureus (Kolodkin-Gal, Romero, Cao, et al. 2010; Hochbaum, Kolodkin-Gal, Foulston, et al. 2011) . Recently, evidence indicated that tryptophan also inhibited biofilms formed by Pseudomonas aeruginosa (Brandenburg, Rodriguez, McAnulty, et al. 2013) .
In the present work, we found that both d-and l-isoforms of aspartate (Asp) inhibited S. aureus biofilm formation on tissue culture plates. The mechanism might be partly due to the depression by Asp of the cellular metabolic activity of S. aureus. As far as we know, this is the first report showing the inhibitory effect of Asp on S. aureus biofilm formation.
MATERIALS AND METHODS

Biofilm assay
The methicillin-resistant S. aureus (MRSA) strain N315 was used as a reference strain in the study. The mass of biofilm formed was determined using crystal violet (CV) staining described previously in microtiter plates, with some modifications (Mataraci and Dosler 2012) . Briefly, overnight cultures of N315 were firstly diluted to 1 × 10 9 colony-forming units (CFU)/ml in TSBG (tryptic soy broth with 1% glucose) medium. (Croes, Deurenberg, Boumans, et al. 2009 ).
Effects of Asp on biofilms
To test the effects of Asp (Sigma-Aldrich, Shanghai, China) on the growth of biofilms, N315 biofilms were cultured and analyzed using the same procedure as described above except that the bacteria were cultured in TSBG medium supplemented with l-Asp, d-Asp or d/l-Asp at different concentrations (0, 0.625, 1.25, 2.5, 5 and 10 mM) for 24, 48 or 72 h. To test the effects of Asp on established biofilms, N315 biofilms after culturing for 24, 48 and 72 h were washed twice with 1× PBS and then treated with fresh TSBG containing l-Asp, d-Asp or d/l-Asp (0, 1, 5 and 10 mM) at 37
• C for another 24 h.
Finally, the biofilms after the treatment were analyzed by CV staining.
To test the effects of Asp on the growth of planktonic cells, N315 cells were cultured in TSB medium containing different concentrations of l-Asp, d-Asp or d/l-Asp (0, 1.25, 5 and 10 mM) at 37
• C for 72 h. The cell number was calculated by plating 10 μl of the culture at different times onto TSB agar plates. Determination of the effect of Asp on biofilm formation was also expanded to other staphylococcal strains. To do this, clinical isolates of S. aureus, S. saprophyticus, S. equorum, S. chromogenes and S. haemolyticus were cultured in TSBG in the presence of 5 mM l-Asp for 24 h, and biofilms formed were quantitated by CV staining analysis. Wells without Asp were used as controls.
Fluorescence microscopy
To facilitate observation, N315 cells were inoculated in 6-well polystyrene plates and grown at 37
• C without shaking in TSBG medium supplemented with 0, 5 or 10 mM d/l-Asp for 24 h to allow biofilm formation. After that, planktonic cells were removed and the biofilms formed were fixed using 5% glutaraldehyde solution at 50
• C for 1 h. After rinsing twice with 1× PBS, wells were then incubated with either 0.001% fluorescein isothiocyanate (FITC) or 1 μg/ml Hoechst 33258 dye (Beyotime, Jiangsu, China) at room temperature for 1 h. FITC and Hoechst were used to stain protein and DNA within the biofilms, respectively (McSwain, Irvine, Hausner, et al. 2005) . Thereafter wells were washed twice with 1× PBS and imaged using a fluorescence microscope (Delta Vision Personal DV, Applied Precision, USA). For fluorescence quantitative analysis, the total fluorescence intensity of a particular defined region within biofilms was calculated automatically by the instrument's software. The area of each defined region was fixed in all of the assays, and all the images were captured under the same instrument conditions.
Resazurin assay
Since conversion of resazurin to a water-soluble fluorescent resorufin product (λex = 544, λem = 590) correlates with cell viability (Mariscal, Lopez-Gigosos, Carnero-Varo, et al. 2009; Fallarero, Skogman, Kujala, et al. 2013) , the resazurin assay was used to determine the metabolic activity of N315 cells in the presence of Asp. Briefly, N315 cells (1 × 10 4 CFU/well) were incubated with different concentrations of l-Asp, d-Asp or d/l-Asp (0, 1.25, 5 and 10 mM) at 37
• C for 3 and 6 h. Thereafter the cell metabolic activity was measured in a 96-well plate with 0.004% resazurin using a microplate reader (Synergy H1, BioTek, USA) with the detector gain set as 50 to avoid data overflow. Meanwhile, the corresponding cell number (CFU) within each well was determined by plating onto TSB agar plates simultaneously. Finally, the fluorescence intensity was normalized to fluorescence/10 6 CFU to evaluate the influence of Asp on the metabolism of N315 cells.
Statistics
All experiments were performed at least three times. The effects of Asp on the growth of planktonic N315 cells and the biofilms were analyzed by one-way analysis of variance (ANOVA). Differences were considered significant and very significant at P < 0.05 and P < 0.01, respectively.
RESULTS AND DISCUSSION
Asp inhibited S. aureus biofilm formation
Initially we tested the effects of various amino acids (including d-Ala, l-Phe, l-Lys, l-Leu, l-Asp, l-Cys, l-Glu, l-Ser and l-Ala) on the growth of N315 biofilms, and found that l-Asp and l-Cys clearly inhibited S. aureus biofilm formation (data not shown). The inhibitory effect of l-Cys on the growth of S. aureus biofilms was consistent with a recent report (Drago, Vecchi, Mattina, et al. 2013) . However, there was no previous report on l-Asp inhibition of S. aureus biofilm formation. Therefore, we tested further the inhibitory effects of l-Asp, d-Asp and d/l-Asp on the growth of N315 biofilms. The results showed that both d-and l-Asp displayed an inhibitory effect on S. aureus biofilm formation (Fig. 1) . d-Asp at a concentration of 0.625 mM inhibited 24 h biofilms (by 42%) and at a concentration of 0.5 mM inhibited 48 and 72 h biofilms (by 74% and 64%, respectively). l-Asp at concentrations of 0.625, 2.5 and 5 mM inhibited 24, 48 and 72 h biofilms (by 49, 52 and 58%, respectively). d/l-Asp displayed a similar inhibitory effect to l-Asp, and inhibited 24, 48 and 72 h biofilms by 40, 36 and 65% at concentrations of 0.625, 2.5 and 5 mM, respectively (Fig. 1) . The finding that d-and l-Asp were equally effective in inhibiting S. aureus biofilms was inconsistent with reports showing that d-amino acids but not l-amino acids inhibited biofilm formation of S. aureus (Kolodkin-Gal, Romero, Cao, et al. 2010; Hochbaum, Kolodkin-Gal, Foulston, et al. 2011) . Also the observation that the combination of d-and l-Asp displayed a similar inhibitory effect to that of either isoform alone was different from the report showing that the l-amino acids were able specifically to reverse the inhibitory effects of their cognate d-amino acids in B. subtilis (Leiman, May, Lebar, et al. 2013) . However, these results were quite similar to an earlier report showing the effect of tryptophan on P. aeruginosa biofilms (Brandenburg, Rodriguez, McAnulty, et al. 2013) . Also, the inhibitory concentration of Asp was in the same millimolar range as that of tryptophan. Because biofilm formation may be affected by cell number, the effects of Asp on the growth of planktonic N315 cells were investigated at different culture times. The results showed that Asp inhibited the growth of planktonic cells only at high concentrations in a time-dependent manner (Fig. 1) . Specifically, an obvious inhibitory effect on the planktonic cell number was shown after 6-12 h for the d/l-Asp mixture at 10 mM (labeled with an asterisk depending on analysis of statistical significance). On the other hand, for 5 and 10 mM d-Asp, the inhibitory effects were observed after 48 and 6-48 h, respectively. A similar trend was also observed for 5 and 10 mM l-Asp, which showed the inhibitory effect after 48-72 and 6-72 h, respectively (Fig. 1) .
Effects of Asp on the biofilm matrix
The influence of Asp on the biofilm matrix was visualized by fluorescence microscopy coupled with the amine-reactive reagent FITC and the DNA-active dye Hoechst. As shown in Fig. 2 , N315 cells cultured without Asp formed homogenized and dense biofilms. After staining with FITC and Hoechst, a homodispersed bright green and blue fluorescence was observed in the whole image field, indicating that large amounts of proteins and DNA existed within biofilms. However, biofilms formed in the presence of Asp decreased, with obvious cell aggregates embedded in a large plaque area (as shown by the arrow). Moreover, the plaque area was enlarged with increasing concentrations of Asp used. Correspondingly, the fluorescent area within biofilms shrank and their intensity was weakened, indicating that biofilms with less protein and DNA were formed (Fig. 2) . As an initial step to evaluate the matrix changes in biofilms, we calculated the fluorescence in biofilms formed in the presence of Asp in comparison with that of the controls. The results showed that the average FITC signal was decreased 50% in the presence of 5 mM Asp, while the Hoechst signal decreased 65% (Fig. 2C ). These observations were consistent with the opinion that d-amino acids inhibited S. aureus biofilm formation by changing the properties of the extracellular matrix (Hochbaum, Kolodkin-Gal, Foulston, et al. 2011 ).
Effect of Asp on biofilms formed by other staphylococci
The effect of Asp on biofilm formation was evaluated against various staphylococcal strains including S. aureus, S. saprophyticus, S. equorum, S. chromogenes and S. haemolyticus. As shown in Fig. 3 , varied inhibition efficacies were observed for biofilms formed by these staphylococcal strains, ranging from 4.4% to 88.6%. However, a minor inhibitory effect was observed on three S. aureus strains (three of ten; 6.6, 4.4 and 22.1%, respectively), one S. equorum strain (21.7%) and one S. chromogenes strain (21.6%) tested. It is not yet clear why Asp could act differently on biofilms formed by these clinical isolates. Nonetheless, varied abilities to form biofilms in TSBG were observed among these clinical isolates (see Supplementary Fig. S1 ), indicating that there may be different biofilm phenotypes which may influence their susceptibility to Asp. Therefore, there might be mechanisms other than decreasing the metabolic activity by which Asp affects the biofilm formation by staphylococcal isolates.
Effect of Asp on established S. aureus biofilms
We next examined whether Asp could disassemble established N315 biofilms. As revealed by CV staining analysis of the biofilms without Asp (the controls), biomass within the biofilms cultured for 72 h (showing an OD 595 of ∼1.0) was lower than that of the biofilms cultured for 24 and 48 h (both showing an OD 595 of ∼1.5), indicating that spontaneous disassembly occurred in the biofilms cultured for 72 h (Fig. 4) . Notably, no spontaneous disassembly was observed after culturing the 48 h biofilms in fresh TSBG medium for another 24 h (showing an OD 595 of ∼1.5), indicating that the spontaneous disassembly in the 72 h biofilms may be partly due to nutrient depletion. However, culturing the 48 h biofilms in fresh TSBG containing Asp (1 and 5 mM) for another 24 h caused obvious biofilm disassembly (Fig. 4) . In contrast, similar disassembly was not observed for the 24 h and the 72 h biofilms after treatment with Asp. The detailed mechanism underlying the varied susceptibility of the established biofilms of different ages to Asp still needs further study. At the same time, it worth noting that d-amino acids at the same concentrations as Asp (1 or 5 mM) have been reported to disassemble established S. aureus biofilms (Hochbaum, Kolodkin-Gal, Foulston, et al. 2011 ) and established P. aeruginosa biofilms (Brandenburg, Rodriguez, McAnulty, et al. 2013 ).
Asp at subinhibitory concentrations attenuated the cellular metabolism of S. aureus
We hypothesized that S. aureus biofilm formation was inhibited by Asp as a result of an attenuated cellular metabolism, as was shown in the case of d-amino acid inhibition of B. subtilis biofilm (Leiman, May, Lebar, et al. 2013) . To investigate this possibility, the metabolic activities of N315 cells in the presence of subinhibitory concentrations of Asp were measured using resazurin. First, we monitored the time-resolved fluorescence of N315 cells in 96-well plates treated with different concentrations of Asp, and found that different times were needed for each well to achieve its maximum fluorescence defined by the detector with the automatic gain control (see Supplementary  Fig. S2 ). To determine the possible influence of the cell number on the observed fluorescence signal, we measured the fluorescence signal and cell number synchronously. The results showed that the normalized fluorescence within wells treated with 5 mM Asp for 3 and 6 h was significantly reduced compared with that of the control wells (Fig. 5) . Specifically, the fluorescence within wells treated with 5 mM Asp was significantly reduced compared with those of the control wells (Supplementary Fig. S2D and F) . These treated groups showed no difference from the controls in CFU analysis (Supplementary Fig. S2E and G) , indicating that the cell number had minor effects on the fluorescence difference of N315 cells in the presence of Asp. Taken together with the data observed in Figs 1 and 2 , we came to the conclusion that the attenuated cellular metabolism might be responsible predominantly for the diminished S. aureus biofilms.
Conclusion
In the current study, we found for the first time that Asp at high concentrations (>10 mM) inhibited the growth of planktonic S. aureus N315 cells, and at subinhibitory concentrations inhibited S. aureus N315 biofilm formation. We also found that Asp could disassemble established N315 biofilms aged 48 h. Taking all the present data together, we inferred that Asp (at subinhibitory concentrations) depressed the bacterial metabolic activity but not the bacterial growth, giving rise to less protein and DNA in the matrix of the biofilms. However, varied inhibition efficacies of Asp were observed for biofilms formed by clinical staphylococcal isolates, which suggests that there might be mechanisms other than decreasing the metabolic activity, e.g. the biofilm phenotypes, affecting biofilm formation in the presence of Asp. Although the inhibitory concentration of Asp was relatively high (in the millimolar range as tively. The cell metabolic activities were determined by resazurin assay using a microplate reader (Synergy H1, BioTek, USA) with the detector gain set as 50 to avoid data overflow, and the corresponding viable cell number (CFU) was confirmed by plating onto TSB agar plates. Finally, the fluorescence was normalized to fluorescence/10 6 CFU to evaluate the effect of Asp on the metabolism of N315 cells. Error bars represent the SD. Differences were considered very significant and significant at * * P < 0.01 and * P < 0.05 by one-way ANOVA (compared with the untreated controls), respectively.
for other amino acids reported), studying the molecular mechanisms behind this further would reveal new ways for reducing S. aureus biofilm formation.
